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This paper describes the decomposition of air combat maneu-
vering by means of multidimensional scaling (MDS). MDS anal-
yses were applied to performance data obtained from expert
and novice pilots during simulated air-to-air combat. The results
of these analyses revealed that the performance of expert pilots
is characterized by advantageous maneuverability and intelli-
gent energy management. It is argued that MDS, unlike simpler
metrics, permits the investigator to achieve greater insights into
the underlying structure associated with performance of a com-
plex task.

ULTIDIMENSIONAL SCALING (MDS) is a

family of statistical techniques that attempts to
discover the ‘‘hidden structure’’ in data consisting of
measures of relatedness among sets of objects (e.g.,
things, events, stimuli) (11). MDS uses a matrix of prox-
imities among the objects as input and produces an N-
dimensional configuration or map of the objects as out-
put. The configuration is derived in such a way that the
distances between the objects in the configuration
match the original proximity measures as closely as pos-
sible. More importantly, the locations of particular clus-
ters of objects are said to reflect whatever dimensions
might underlie the proximity measures.

Various proximity measures are suitable for analysis
by MDS (15). They include: a) direct judgements of
similarity or dissimilarity of objects; b) sortings or clus-
terings of objects; ¢) stimulus confusion data; d) inter-
object latencies and amplitudes; ) communication, so-
cial interaction, or volume flow between objects; f)
comparisons of rating profiles; and g) intercorrelation
matrices. The list of suitable measures suggests that
MDS is an extremely flexible procedure. It is not sur-
prising, therefore, that MDS techniques have been ap-
plied to a wide variety of research problems in the ap-
plied behavioral sciences. Beatty (1), for example, used
MDS to map the functional proximity of spontaneous
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electroencephalographic data obtained from different
regions of the cerebral cortex. Medlin and Thompson
(9) used MDS to determine the dimensions used by ex-
pert Army evaluators when they assessed unit perfor-
mance in field exercises. Schvaneveldt, ef al. (12) used
MDS to compare experts’ and novices’ memory struc-
tures for critical flight information. Laxar, Moeller, and
Rogers (8) used MDS to determine the cognitive orga-
nization of submarine sonar information. Some unusual
applications of MDS include an analysis of thermal pain
(3), cross-media artistic styles (4), the effect of viewing
position on the perceived layout of space (14), and the
organization of visual memory in the rhesus monkey
(10).

This paper describes an application of multidimen-
sional scaling to pilot performance data obtained during
simulated air-to-air combat. Performance measurement
of air-to-air combat presents formidable problems for
the research scientist. An adequate performance metric
must be capable of describing the complex interrelation-
ship between position advantage and energy manage-
ment, which characterizes the air-to-air combat envi-
ronment. According to Breidenbach, et al. (2), existing
measurement methods and metrics either do not meet
this criterion or have not been adequately tested.

The Database

In the present study, we have applied MDS to data
collected by Kelly, et al. (5) on the Simulator for Air-
to-Air Combat (SAAC), which is located at Luke AFB,

~ AZ. The SAAC consists of two F-4 cockpits (one of

which can be operated with flight characteristics similar
to those of a MIG-21 aircraft) controlled by a common
computer system (Xerox SIGMA 5). Two camera-
model systems provide each pilot with a display of the
opposing aircraft, which is superimposed on a 296° (hor-
izontal) by 150° (vertical) field of view. Additional mo-
tion cues are provided by G-seat and G-suit systems.
Kelly, et al. (5) collected their data during 405 one-
versus-one (1v1) air combat maneuvering (ACM) free
engagements on the SAAC. The subjects were 30 F-4
qualified pilots of varying levels of experience. The data
consisted of continuous samples of aircraft system vari-
ables, engagement outcomes and events, and evalua-
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tions of ACM performance in the form of pilot ratings
and rankings. The most extensive data were obtained
through the automatic recording (at a 2-Hz sampling
frequency) of 67 variables from each aircraft. These in-
cluded aircraft position, altitude, airspeed, orientation,
angle of attack, G-forces, fuel flow, control positions
and forces applied, various switch settings, and radar/
weapons functions.

Kelly, et al. applied several univariate and multivari-
ate statistical procedures in an attempt to find the small-
est comprehensive set of measures that would discrim-
inate the differences between expert and novice pilots in
1v1 free engagement ACM. It was found, for example,
that expert pilots managed energy more efficiently than
novice pilots. Thus, expert pilots used the idle position
and speedbrake more often and the afterburner less of-
ten. In addition, expert pilots made greater use of the
roll axis of the aircraft (an indication of greater maneu-
verability) and generally spent a greater proportion of
engagement time in an offensive attitude. Not surpris-
ingly, expert pilots were more likely than novice pilots
to achieve a “‘kill.”’

A discriminant analysis identified 13 measures that,
when properly weighted, could be added together to
form a single metric of ACM performance. These mea-
sures are listed in Table I. The metric accounted for
51% of the variability in the free engagement perfor-
mance data and predicted membership in high or low
skill groups with 92% accuracy. Despite its predictive
power, however, such metrics are inherently limited. A
single metric cannot adequately describe the air-to-air
combat environment, which is characterized by com-
plex and dynamic relationships among numerous vari-
ables. MDS is well-suited for providing just such a de-
scription.

METHODS

In order to apply MDS to Kelly, ef al.’s (5) data, we
first needed a matrix of proximities among the various
ACM performance measures. Under normal circum-

TABLE 1. SIMULATED AIR COMBAT MANEUVERING
PERFORMANCE MEASURES.

Performance
Measure Definition

Altitude Rate Mean Absolute Vertical Speed

Roll Rate Mean Absolute Roll Rate in °+s™!

Idle Number of Times Throttle in Idle Position

Mil Power Number of Times Throttle in High Mil
Position

Afterburner Number of Times Throttle in Afterburner
Position

Speed Brake Mean Speed Brake Deflection

Fuel Flow Mean Fuel Flow in lb + h™!

Energy Mgt RMS Energy Management Index

Start Position Initial Simulator Configuration

Out of View % Time Out of Opponent’s View

Offense % Time Opponent Positioned at a Sight
Angle of Less Than 60°

Gun Range % Time Opponent Positioned Within Gun
Range
Gun Kill Probability of Gun Kill
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stances proximity measures would be obtained directly,
e.g., through judgments of relatedness. Since this was
not possible, we used as input the matrix of intercorre-
lations among the 13 measures that formed the basis of
their performance metric. This matrix was included (for
both expert and novice pilots) as part of Appendix E of
their report.

The SPSS-X (13) procedure ALSCAL was used to
compute separate MDS analyses for high- and low-
skilled pilots. ALSCAL uses the alternating least-
squares approach to MDS proposed by Young, Takane,
and Lewyckyj (16). An extremely flexible procedure,
ALSCAL is the only scaling program that incorporates
metric, nonmetric, classical, replicated, and weighted
(i.e., individual differences) MDS models. For the
present application a classical, nonmetric, Euclidean
model was invoked. The data were considered to
be ordinal (the default) and continuous. Although
ALSCAL can theoretically output a configuration of up
to six dimensions, the most appropriate dimensionality
is constrained by several factors, including the number
of stimuli. In this case, with only 13 stimuli, a two-
dimensional solution seemed most appropriate.

Interpretation of an MDS configuration can be
achieved by several means. The most common ap-
proach is to determine if some objective stimulus pa-
rameter(s) can be projected through the space. A tech-
nique that is frequently used is to regress a set of
candidate stimulus parameters (obtained from rating
scales) on the set of stimulus coordinates (7). A partic-
ular scale is said to provide a satisfactory interpretation
of a dimension if the multiple correlation for the scale
and the regression weight on that dimension are both
high. Unfortunately, the data necessary for performing
these analyses were not provided in the Kelly, et al. (5)
report. An alternative approach is simply to look at the
properties or attributes of the stimuli at each end of a
dimension and determine whether some property
changes in a systematic fashion. (A rotation of the co-
ordinate system is sometimes necessary.)

RESULTS

The derived stimulus configurations for expert and
novice pilots are shown in Fig. 1 and 2, respectively. In
both cases the correspondence between the relative dis-
tances in the configuration and the original proximity
measures was extremely high. For the experts’ data the
configuration accounted for 97.8% of the variability in
the proximity matrix. STRESS, a badness-of-fit mea-
sure attributed to Kruskal (6), was only 0.060. Similarly,
for the novices’ data the configuration accounted for
97.0% of the variability in the proximity matrix, with
STRESS equal to 0.077.

Expert pilots: In the case of the expert pilots’ config-
uration (Fig. 1), it appears that the horizontal axis rep-
resents an energy management (left)—maneuverability
(right) dimension. The cluster of stimuli on the left are
all energy-related, which indicates that the expert pi-
lots’ performance was characterized by frequent throt-
tle activity. The cluster of stimuli on the right are all
related to ACM, which indicates that mission success



AIR COMBAT PERFORMANCE DATA—POLZELLA & REID

2.00 |

o
1.50 OFFENSE

[ ] L ]
ALTITUDE RATE
L]
1.00 |- MIL POWER
. ROLL RATE
0.50 } AFTERBURNER .,
GUN RANGE
o IoLE
*
FUEL FLOW START POSITION
-0.50 | ENERGY MGT .
L]
-1.00 SPEED BRAKE
b OUT OF VIEW
L ]
-1.50 | ® GUN KILL
-2.00
Lo L 1 1 i 1 1 1

-2.00 -150 -1.00 -0.50 0 050 100 150 200

Fig. 1. Derived stimulus configuration for expert pilots.

was associated primarily with offensive and defensive
maneuverability. The interpretation of Dimension 2 is
not immediately obvious, but careful inspection sug-
gests that it relates to ‘‘mission status.”” Thus, stimuli
on the bottom (e.g., gun kill, out-of-opponent’s-view,
efficient energy management) are direct indicants of
mission success, whereas stimuli on the top (e.g., high
throttle settings, offensive maneuverability) relate to
mission dynamics. [It is important to note that these
interpretations are subjective and somewhat arbitrary.
The most common technique for ‘‘objectively’’ labelling
dimensions was precluded in this situation due to the
fact that rating profiles of the ACM performance mea-
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Fig. 2. Derived stimulus configuration for novice pilots.

sures were not a part of the original database. Never-
theless, according to Schiffman, et al. (11), despite the
fact that no dimensions as such may be found, stimuli
may still be arranged in a sensible manner, as was the
case here.]

Novice pilots: In the case of the novice pilots’ con-
figuration (Fig. 2), neither dimension is readily inter-
pretable. However, there are marked contrasts between
this configuration and that of the experts. The isolated
location of gun kill indicates that mission success was
not related eitherto efficient energy management or to
skillful ACM performance. In addition, the relative
proximity of fuel flow, out-of-view, and altitude rate
indicates that a state of defensive advantage was
achieved at the expense of increased fuel use. Finally,
the presence of offense, gun range, and roll rate within
a cluster of energy management stimuli reveals that of-
fensive ACM was more dependent on throttle activity
for novice pilots than it was for expert pilots.

DISCUSSION

The results of this study indicate that there are im-
portant differences in ACM performance between ex-
pert and novice pilots. It is not merely that expert pilots
are more skillful. This is to be expected, and any valid
performance measure would surely reveal this fact. The
present study revealed, in addition, that expert pilots
characteristically show advantageous maneuverability
and intelligent energy management. What emerges from
these results is a view of the air-to-air combat environ-
ment that is much more comprehensive than could be
provided by a single performance metric. MDS is a
powerful analytic tool, which can help the research sci-
entist to discover the complex dynamics of ACM per-
formance.
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